It was reported that aminochrome induces the formation of alpha synuclein (SNCA) oligomers during dopamine oxidation. We found that DT-diaphorase (NQO1) prevents the formation of SNCA oligomers in the presence of aminochrome determined by Western blot, transmission electron microscopy, circular dichroism, and thioflavin T fluorescence, suggesting a protective role of NQO1 by preventing the formation of SNCA oligomers in dopaminergic neurons. In order to test NQO1 protective role in SNCA neurotoxicity in cellular model, we overexpressed SNCA in both RCSN-3 cells (wild-type) and RCSN-3Nq7 cells, which have constitutive expression of a siRNA against NQO1. The expression of SNCA in RCSN-3SNCA and RCSN-3Nq7SNCA cells increased 4.2-and 4.4-fold, respectively. The overexpression of SNCA in RCSN3Nq7SNCA cells induces a significant increase in cell death of 2.8-and 3.2-fold when they were incubated with 50 and 70 mM aminochrome, respectively. The cell death was found to be of apoptotic character determined by annexin/propidium iodide technique with flow cytometry and DNA laddering. A Western blot demonstrated that SNCA in RCSN-3SNCA is only found in monomer form both in the presence of 20 mM aminochrome or cell culture medium contrasting with RCSN-3Nq7SNCA cells where the majority SNCA is found as oligomer. The antioligomer compound scyllo-inositol induced a significant decrease in aminochrome-induced cell death in RCSN-3Nq7SNCA cells in comparison to cells incubated in the absence of scyllo-inositol. Our results suggest that NQO1 seems to play an important role in the prevention of aminochrome-induced SNCA oligomer formation and SNCA oligomers neurotoxicity in dopaminergic neurons.
oxidation of dopamine, and this could account for the selective toxicity of SNCA oligomers in the substantia nigra (Conway et al., 2001; Li et al., 2005) . Aminochrome (also called dopaminochrome) has been identified as the dopamine quinone that forms adducts with SNCA, inhibiting SNCA fibrillization by inducing structural changes that can occur through the interaction of aminochrome with the 125YEMPS129 motif of SNCA (Norris et al., 2005) . Dopamine oxidation to aminochrome in dopaminergic neurons that contain neuromelanin seems to be a normal process since this compound is the precursor of neuromelanin. Dopamine can autooxidize to aminochrome at physiological pH in the presence of oxygen or can be oxidized by transition metals or enzymes such as prostaglandin H synthase, cytochrome P450 isoforms, xanthine oxidase, tyrosinase, and dopamine monooxygenase (for review see Segura-Aguilar et al., 2014) . Aminochrome can be reduced by flavoenzymes through a 1-electron reduction to leukoaminochrome o-semiquinone radical, which is extremely reactive with oxygen and hence neurotoxic (Segura-Aguilar et al., 1998) . Alternatively, NQO1 (EC.1.6.99.2) can reduce aminochrome and it is the unique flavoenzyme that catalyzes 2-electron reduction of quinones (Segura-Aguilar and Lind, 1989) . NQO1 has been reported to prevent the 1-electron reduction of aminochrome to leukoaminochrome o-semiquinone radical by catalyzing a 2-electron reduction of aminochrome to leukoaminochrome (Arriagada et al., 2004; Lozano et al., 2010) . In the present work, we investigated the ability of NQO1 to prevent the formation of aminochrome-induced SNCA oligomers in vitro and its neurotoxic effects in a catecholaminergic model cell line.
MATERIALS AND METHODS
Chemicals. CM-Sephadex C50-100, DEAE Sephadex 50-120, Sephadex G-25, dopamine, IPTG, tyrosinase [EC 1.14.18 .1] from mushroom were purchased from SigmaAldrich (St Louis, MO, USA). Lysozyme was from US Biological. NQO1 was purified from rat liver according to Segura-Aguilar et al. (1992) .
Synthesis and purification of aminochrome. Dopamine (7.5 mmol) and 15 ng of tyrosinase were incubated in 1.5 ml of 25 mM phosphate buffer pH 6.0 for 10 min at 25 C. To purify aminochrome formed, the incubation solution was loaded on a column 17 Â 0.7 cm resin CM-Sephadex C-50-120 which was eluted first with 30 ml of 25 mM phosphate buffer pH 6.0. The eluate from the column was recovered in 500 ml aliquots. Each aliquot was monitored spectrophotometrically by absorbance at 280, 478, and 600 nm wavelength. The recovered pure aminocromo 5-7 ml eluted with 25 mM of phosphate buffer pH 6.0; dopamine recovered only after 5 ml of 25 mM 4-Morpholineethanesulfonic acid sodium salt (MES) pH 6.0 (Paris et al., 2010) .
SNCA purification. Recombinant human SNCA in the pRK172-asyn plasmid was expressed in BL21(DE3)pLysS bacteria and purified according to Conway et al. (2001) with the following modifications. Plasmid expression was induced with 0.5 mM IPTG for 3 h. The cells were harvested, resuspended in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, and 5% glycerol, and lysed by repeatedly freezing in liquid nitrogen and thawing 3 times. The cells were incubated with 7.7 KU lysozyme per milliliter in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, and 5% glycerol for 20 min at room temperature. Before precipitation with 50% ammonium sulfate, the protein was boiled for 30 min. The 50% ammonium sulfate pellet was resuspended in 25 mM Tris-HCl, pH 8.0, and desalted on a G-25 Sephadex column (30 Â 0.7 cm). The SNCA fraction was applied to a DEAE Sephadex 50-120 column (18 Â 0.7 cm) equilibrated with 25mM Tris-HCl, pH 8.0, and eluted with 25 mM Tris-HCl, pH 8.0, containing 0.5 M NaCl. The fractions containing SNCA were determined by Western blot and SDS-polyacrylamide gel electrophoresis (PAGE) with silver staining. The plasmid wtSYNpRK172 that encodes human SNCA was a kind donation from Professor Ischiropoulos.
Aggregation assays. SNCA aggregation measurements were performed at 1-, 2-, and 3-day incubation with recombinant human SNCA (100 mM) under constant stirring (200 rpm) in 20 mM MES and 100 mM NaCl, pH 6.5 at 37 C. The degree of aggregation was determined using thioflavin T (ThT) fluorescence, circular dichroism (CD), and transmission electron microscopy.
CD spectra. CD spectra were recorded using a Jasco J-810 spectropolarimeter. Spectra were collected at 25 C in a 0.1 cm-long quartz cuvette containing the 20Â protein dilution in 20 mM MES buffer, pH 6.5.
ThT fluorescence. ThT fluorescence was scanned between 460 and 600 nm using an excitation wavelength of 446 nm by diluting an aliquot 400 times in 50 mM MES, pH 6.5, and 5mM ThT and data were collected at different incubation times. For each sample, the ThT intensity at 480 nm was used to measure the formation of fibers.
Electron microscopy. Formvar-coated grids were inverted over 10 ml drops of prepared SNCA aggregate suspensions 1 min. The grids were dried with a filter paper, stained with 2% aqueous uranyl acetate for 5 min, and allowed to dry at room temperature for 15 min. The grids were examined at 80 kV, and representative fields were photographed at Â33 000 magnifications on a Zeiss EM900 transmission electron microscope.
Cell culture. The RCSN-3 cell line was grown in monolayers, with a doubling time of 52 h, a plating efficiency of 21% and a saturation density of 56 000 cells/cm 2 in normal growth media composed of DME/HAM-F12 (1:1), 10% bovine serum, 2.5% fetal bovine serum. The cultures were kept in an incubator at 37 C with 100% humidity, and the cells grew well in atmospheres of both 5% or 10% CO 2 (Lozano et al., 2010; Paris et al., 2008) . RCSN-3 cells are derived from the substantia nigra of an adult rat. The cell line does not require differentiation to express catecholaminergic traits, such as tyrosine hydroxylase, dopamine transport, VMAT-2, norepinephrine transport, dopamine release, monoamine oxidase (MAO)-A expression but not MAO-B; formation of neuromelanin and DT-diaphorase is responsible for 94% of the total quinone reductase activity catalyzed by flavoenzymes (Paris et al., 2008) . Biotechnology Inc). The membrane was incubated for 5 min with alkaline phosphatase substrate buffer and the staining solution with 5-bromo-4-chloro-3'-indolyphosphate (BCIP) and nitro-blue-tetrazolium (NBT). The quantification of pixels was done by using Scion Image software. The membranes were scanned to obtain a high-quality image grayscale and produced a 1200 dpi resolution TIFF file. The pixels of area corresponding to the band and an area without bands were measured. Finally, the background value (area Â mean intensity) was subtracted from the band value (area Â mean intensity).
DNA laddering. The cells were grown to 95% confluence and after the treatment we added 1 ml of trypsin to the cell monolayer. The cells were centrifuged at 2500 rpm for 10 min and we added 100 ml of lysis buffer (1% NP-40, 20 mM EDTA, and 50 mM Tris-HCl, pH 7.5) for 10 s. Centrifuged at 3000 rpm for 5 min to obtain the supernatant. The sample with 1% SDS was treated with RNase for 2 h and 2.5 mg proteinase K added and incubated for 2 h at 37 C. The DNA was precipitated by adding 0.5 vol of 10 M ammonium acetate and 2.5 vol of cold ethanol and incubated at À80 C for 1 h. The sample was centrifuged for 20 min at 12 000 rpm and a white pellet was washed with 200 ml of cold 80% ethanol and dried for 10 min at room temperature. The pellet was dissolved in TE buffer and the concentration was determined. The samples were loaded on a gel of 2% agarose.
Immunofluorescence. The cells were grown to 70% confluence on glass coverslips. The cells are incubation with 100% MeOH for 30 min at À20 C to permeabilize the cell membrane. After washing with PBS the cells were incubated with 30 min at room temperature with blocking solution (1.5% skimmed milk in PBS plus Triton-X100 0.15%) and followed by the incubation with a solution containing the primary antibody at a dilution of 1/200 dissolved in PBS plus 1% BSA overnight at 4 C. After washing the incubation with secondary antibody diluted at 1/250 in PBS plus 1% BSA for 1.5 h protected from light at room temperature and washed 3 times with PBS. Incubated with diluted Hoechst solution in TE buffer to 1/10 000 for 5 min, washed with PBS, and mounted with Dako solution. The results are observed in a confocal microscope. We used oligomer polyclonal antibody (A11) AHB0052 from Invitrogen to detect SNCA oligomer formation in the cells (Kayed et al., 2003) .
Flow cytometry. Annexin binding buffer (BUA ) was composed by 10 mM Hepes, 140 mM NaCl 2.5 mM CaCl 2 , pH 7.4. The cells were grown to 80% confluence and treated with 20 mM aminochrome and 3.14 mM staurosporine for 24 h. After the treatment was trypsinized and washed with cold 1 Â PBS. The counting was performed in neubauer chamber cell density of 1 Â 10 6 cells/ml and dilute. The annexin V antibody conjugate was added before propidium iodide. The cells were cultured at room temperature for 15 min and then added 400 ml of BUA mixed gently and kept in ice. Analyzed as quickly as possible by flow cytometry, measuring the fluorescence emission of each fluorophore at 530 and 575 nm.
Western blot. The samples of SNCA were separated by SDS-PAGE (10% wt/vol). The separated proteins were then transferred electrophoretically to a 0.2-mm nitrocellulose membrane. After blocking with a solution of 0.5% skim milk in 10 mM Tris-HCl pH 7.6, 150 mM NaCl, and 0.025% Tween 20 for at least 4 h, the membrane was incubated with a polyclonal antibody against human a/b synuclein (Santa Cruz Biotechnology) overnight at room temperature in the same buffer. The membrane was washed 3 times for 15 min with a solution of 10 mM Tris-HCl pH 7.6, 150 mM NaCl, and 0.025% Tween 20 and incubated for 2 h with an anti-goat alkaline phosphatase-linked antibody. After a final washing, SNCA was detected using BCIP/NBT (Zymed laboratories Inc).
RESULTS
The Role of NQO1 on SNCA Oligomers CD was used to determine the possible conformational changes in SNCA to a beta-sheet structure after addition of aminochrome. The conformation of soluble SNCA is a random coil as it is indicated by the observed minimum at 200 nm. Incubation of 100mM SNCA with stirring (200 rpm) at 37 C did not show conformational changes after 24 h (Fig. 1A) . However, incubation under the same conditions for 48 and 72 h caused a conformational change, since we can observe the typical signal of a betasheet structure (Figs. 1B and 1C) . The addition of 100mM aminochrome to 100mM SNCA delayed but did not prevent the conformational changes to the typical beta-sheet structure, since the incubation of SNCA with aminochrome for 48 h showed a transition state between the random coil conformation (Fig. 1B ) and the beta-sheet structure observed at 72 h (Fig. 1C) . Interestingly, NQO1, which catalyzes the 2-electron reduction of aminochrome preventing the formation of adducts between aminochrome and SNCA, should allow SNCA to form fibrils as we observed with SNCA alone. However, NQO1 completely prevented the conformational changes to a beta-sheet structure when 100 mM SNCA, 100 mM aminochrome, 1.2 mg NQO1, and 500mM NADH were incubated at 24 and 48 h (Figs. 1B and 1C ). The addition of 500mM NADH and 1.2 mg NQO1 alone to the incubation mixture containing 100 mM SNCA had no effect on the typical conformational changes observed in SNCA aggregation to fibers (data not shown). The effect of aminochrome on the kinetics of SNCA fibril formation was monitored using the ThT assay at 37 C with stirring in the absence or presence of NQO1 (Fig. 1D ). Untreated 100mM SNCA exhibited the characteristic sigmoidal curve, that is, an initial lag phase, a subsequent exponential growth phase between 20 and 40 h, and a final equilibrium phase after 48 h (t 1/2 ¼ 26 h). The exponential growth phase of SNCA (100mM) was inhibited in the presence of 100mM aminochrome (t 1/2 ¼ 37 h) and in the presence of 100mM aminochrome. However, SNCA fibril formation in the presence of 1.2 mg NQO1 with 500mM NADH was completely inhibited and therefore, it was not possible to determine the t 1/2 (Fig. 1D ).
The addition of 500mM NADH alone to 100 mM SNCA had no effect on SNCA fibril formation (data not shown).
The aggregation of recombinant wild-type human SNCA incubated for 48 h at 37 C with stirring was determined by using transmission electron microscopy. We observed the formation of large aggregates of fibers atÂ33 000 magnification when 100mM SNCA was incubated alone ( Fig. 2A) . We observed a large number of small globular structures surrounded by a high-density dark circle corresponding SNCA globular aggregation at Â33 000 magnification when 100 mM SNCA was incubated with 100mM aminochrome (Fig. 2B) . Interestingly, small globular structures or SNCA fibers were not detected at Â33 000 magnification when 100 mM SNCA and 100 mM aminochrome were incubated in the presence of 1.2 mg NQO1 with 500mM NADH (Fig. 2C ).
NQO1 Prevents SNCA Oligomer-Induced Cell Death
Our in vitro data suggested that NQO1 may play an essential role in the prevention of SNCA-induced neurotoxicity by preventing the formation of neurotoxic SNCA oligomers and to test this idea we constructed the lentiviral plasmid pLvGFP-SNCA coding for green fluorescent protein (GFP) and SNCA ( Circular dichroism was used to determine the possible conformational changes in SNCA to a beta-sheet structure after addition of aminochrome. The circular dichroism spectra of 100 mM SNCA (1); 100 mM SNCA with 100 mM aminochrome (2); 100 mM SNCA, 100 mM aminochrome, 1.2 mg NQO1, and 500mM NADH (3) has over expression of SNCA and normal level of expression of NQO1 and RCSN-3Nq7SNCA cells that has SNCA over expression and only 13 % of NQO1 expression. A dot blot analysis revealed that SNCA expression increased 4.2-(P < 0.05) and 4.4-fold (P < 0.05) in RCSN-3SNCA and RCSN-3Nq7SNCA, respectively (Figs. 3B and 3C ). NQO1 activity in RCSN-3Nq7SNCA cells was found to be only a 29% of RCSN-3SNCA cells (Fig. 3D) . We measured the mRNA expression of SNCA by using real-time PCR and we found SNCA overexpression both in RCSN-3SNCA (1.9 6 0.4 relative quantity) and RCSN-3Nq7SNCA cells (1.7 6 0.08 relative quantity) but we don't found significant differences between these cells. A significant decrease in NQO1 expression was observed in RCSN-3Nq7SNCA cells (0.35 6 0.09 relative quantity; P < 0.001) that correspond to 13% of the enzyme expression in RCSN-3SNCA cells (2.5 6 0.3; Fig. 3E ).
We determined aminochrome toxicity in RCSN-3, RCSN-3SNCA, RCSN-3Nq7, and RCSN-3Nq7SNCA cell in the presence of different concentrations of aminochrome. The incubation of these cell lines with 0, 10, 30, 50, and 70 mM aminochrome at 24 h induced a concentration-dependent increase in cell death that it is statically significant from 30 mM (Fig. 1A) . When we compare RCSN-3Nq7SNCA with respect to RCSN-3Nq7 we observed a 2.8-and 3.17-fold increase in cell death when RCSN-3Nq7SNCA cells are incubated with 50 mM (P < 0.001) or 70 mM aminochrome (P < 0.001) (Fig. 4A) . We determined the cell death at very low concentration of aminochrome in order to have the majority of cells alive to study the formation of oligomers. The incubation of RCSN-3SNCA and RCSN-3Nq7SNCA cells with 20 mM aminochrome during 24 h resulted in 6.1 6 1.5% and 13 6 2% (P < 0.01) cell death, respectively (Fig. 4B) . To determine whether aminochrome-induced cell death observed in RCSN-3SNCA and RCSN3Nq7SNCA cell lines with overexpression of SNCA was an apoptotic cell death we determined DNA fragmentation with laddering technique. RCSN-3SNCA cells in the presence of cell culture medium or 20 mM aminochrome don't show DNA laddering (Fig.  5A) . However, RCSN-3Nq7SNCA cell line treated with 20 mM aminochrome shows a diffuse laddering that contrast with the cells exposed only to cell culture medium (Fig. 5B) . We determined the possible role of apoptosis in aminochrome-induced cell death in RCSN-3SNCA and RCSN-3Nq7SNCA cells by using flow cytometry with Alexa Fluor 488 annexin V and propidium iodide. The majority of RCSN-3Nq7SNCA cells treated with 20 mM aminochrome (Fig. 5F ) has similar localization than the RCSN3Nq7SNCA cells incubated with 3.4 mM staurosporine which is a positive control of apoptosis (Fig. 5G) . RCSN-3Nq7SNCA cells treated with 20 mM aminochrome or with 3.4 mM staurosporine have 74 6 1% (P < 0.05) and 95 6 4% (P < 0.05) of cells marked with both annexin V and propidium iodide, respectively. RCSN-3SNCA cells incubated with cell culture medium or 20 mM aminochrome and RCSN-3Nq7SNCA cells incubated with cell culture The overexpression of SNCA was determined by using dot blot technique and immunostaining that show the total amount of alpha synuclein but you cannot see the different forms of SNCA such as monomer and oligomers (B). The result of dot blot was plotted by using the SNCA/GAPDH values (C). A significant decrease in enzymatic activity of NQO1 was observed in RCSN-3Nq7SNCA (D). Quantitative real-time PCR confirmed the over-expression of SNCA (SNCA) in both cell lines and the decrease of mRNA expression of NQO1 (NQO1) in RCSN-3Nq7SNCA cells (E). The statistical significance was assessed using analysis of variance (ANOVA) for multiple comparisons (*P < 0.05; **P < 0.01; ***P < 0.001). medium have very low number of cells marked with both annexin V and propidium iodide (1.0-0.03%, 1.7-0.1%, and 0.8 6 0.05%, respectively) (Fig. 5H) .
We determine the effect of aminochrome on oligomers formation in RCSN-3SNCA and RCSN-3Nq7SNCA cells by using Western blot technique; 20 mM aminochrome induces a significant increase in the formation of oligomers in RCSN-3Nq7SNCA cells (100 6 3 pixels; P < 0.05) in comparison with the same cell line incubated with cell culture medium (47 6 2 pixels). Interestingly, the amount of oligomers increased significantly also in the absence of aminochrome in RCSN-3Nq7SNCA cells (47 6 2 pixels; P < 0.05) in comparison with RCSN-3SNCA (10 6 1 pixels) incubated with cell culture medium alone (Figs. 6A and 6B). Consequently, with the results obtained with oligomers, the monomer significantly decreased both in RCSN-3Nq7SNCA cells incubated with 20 mM aminochrome (5.6 6 0.8; P < 0.05) or when these cells were incubated with cell culture medium (8.1 6 0.4 pixels; P < 0.05) compared with RCSN-3SNCA cells incubated with 20 mM aminochrome (28 6 2 pixels) or with cell culture medium (34.7 6 2 pixels), respectively (Figs. 6A and 6B) . The formation of oligomers was also determined by using inmunofluorescence technique with antioligomer antibodies (Kayed et al., 2003) . A significant increase in the number of oligomers was observed in RCSN-3Nq7SNCA cells treated with 20 mM aminochrome (45 6 2 pixels; P < 0.01) in comparison with these cells incubated with cell culture medium (18 6 2 pixels) or when we compare with RCSN-3SNCA cells treated with 20 mM aminochrome (Figs. 6C and 6D) .
To study the role of oligomers formation in aminochromeinduced neurotoxicity in RCSN-3Nq7SNCA cells we used scyllo-inositol that it is an oligomer-stabilizing compound of both Ab42 peptide and SNCA (Aytan et al., 2013; Vekrellis et al., 2009) . A significant decrease in cell death was observed in RCSN-3Nq7SNCA cells treated with 20 mM aminochrome in the presence of 1.5 mM scyllo-inositol (8.2 6 2% cell death; P < 0.005) compared with RCSN-3Nq7SNCA cells only treated with 20 mM aminochrome (14.7 6 2% cell death). Interestingly, 1.5 mM scylloinositol has no effect on aminochrome-induced cell death (20 mM) in RCSN-3SNCA compared with cells treated only with aminochrome (11 6 2% and 11 6 2% cell death; Fig. 6E ).
DISCUSSION
Aminochrome and SNCA Mutations in SNCA have been associated with a familial form of PD (Puschmann, 2013) since they induce SNCA aggregation into cytotoxic oligomers that seems to be essential for its neurotoxic effects (Gruden et al., 2014; Lashuel et al., 2002; Volles and Lansbury, 2003) . The question is how SNCA can generate neurotoxic oligomers in sporadic PD. It seems that neurotoxic SNCA oligomers are related to dopamine oxidation to o-quinones. Dopamine oxidizes to dopamine o-quinone that it is stable at pH lower than 2 (Segura-Aguilar et al., 1998) and at physiological pH this o-quinone undergoes intramolecular cyclization to aminochrome. Aminochrome can rearrange to 5,6-indolequinone that polymerize to form neuromelanin. The constant rate of dopamine o-quinone cyclization is 0.15 s À1 and 0.06 min À1 for aminochrome tautomerization to 5,6-indole quinone (Bisaglia et al., 2010) , resulting in aminochrome accumulation (SeguraAguilar et al., 2014) . The 5,6-indolequinone forms adduct with SNCA but these adducts are only observed after 40 min of reaction (Bisaglia et al., 2007) . Dopamine o-quinone has been reported to form adducts with mitochondrial complexes I, III, and V of electron transport chain and oxidative phosphorylation, UCHL-l, DJ-1, and parkin that it is a ligase 3 enzyme of the proteasome (LaVoie et al., 2005; Van Laar et al., 2009) but not with SNCA. Aminochrome is not only involved in the formation and stabilization of neurotoxic oligomers but also proposed to be involved in other mechanism in the degenerative process under PD such as mitochondria dysfunction by inactivation of complex I by aminochrome (Aguirre et al., 2012) ; protein degradation dysfunction by inhibiting autophagy/lysosomal system (Huenchuguala et al., 2014; Muñ oz et al., 2012) , as a consequence of a-and b-tubulin aggregation induced by aminochrome preventing microtubules formation (Paris et al., 2010) , and also the proteasomal system (Zafar et al., 2006) ; inducing dysfunction of lysosome by increasing lysosome pH (Huenchuguala et al., 2014) ; and oxidative stress when aminochrome is 1-electron reduced, generating a redox cycling between aminochrome and this semiquinone with concomitant formation of superoxide and finally hydroxyl radicals (Arriagada et al., 2004) . In this study, we used different concentrations of aminochrome. A high concentration of aminochrome (100 mM) was used in in vitro studies but to perform studies in cell lines we used a lower concentration (20 mM) where the constitutive expression of NQO1 is enough to prevent aminochrome toxicity while the silencing of 87% in RCSN-3 cells induce a significant cell death. The physiological concentration of aminochrome is still unknown due the difficulties to measure its intracellular concentration since aminochrome is not a stable product as we explained above. The results obtained in this study are relevant to understand the role of SNCA in PD. The link between SNCA and the sporadic form of the disease has been an open question but (Nq7SNCA) cells at 24 h. The values are the mean 6 SD with n ¼ 3. The statistical significance was assessed using ANOVA for multiple comparisons (*P < 0.05; **P < 0.01; ***P < 0.001).
aminochrome seems to be the link between PD and SNCA since this compound induces and stabilizes the formation of neurotoxic SNCA oligomers (Conway et al., 2001; Norris et al., 2005) . In addition, aminochrome is formed inside of dopaminergic neurons containing neuromelanin that are the neurons lost in the nigro-striatal system in PD, suggesting that the formation of SNCA oligomers induced by aminochrome generates a focalized cell death of a single dopaminergic neuron, suggesting a slow degenerative process that it is what it is in agreement with the observed in the disease. How much aminochrome is formed in the cytosol, that it is able to react with SNCA, is an interesting question but it is difficult to answer since although aminochrome is the most stable o-quinone formed during dopamine oxidation to neuromelanin this is not stable more than 40 min according to NMR experiments (Bisaglia et al., 2007) . In the presence of NQO1 aminochrome will be reduced to leukoaminochrome preventing the formation of SNCA oligomers as a consequence of the formation of SNCA-aminochrome adducts and allowing the formation of SNCA fibrils. However, the formation of SNCA oligomers in the presence of aminochrome is possible when the level of expression of NQO1 is decreased or inhibited. The relevance of our findings is supported by the fact that SNCA oligomers that are able to bind synaptic vesicles, and oligomers form pores that could lead to permeabilization of the vesicle membranes, thereby releasing dopamine into the cytosol that will increase aminochrome formation (Lashuel et al., 2002) . Overexpression of A30P SNCA mutation in mice displayed significantly increased cytosolic catecholamine levels (Mosharov et al., 2006) , suggesting that SNCA pores resulted in the release of catecholamines into the cytosol. The increase in cytosolic dopamine will potentiate the formation of o-quinones and their neurotoxicity.
NQO1 Prevents Formation of SNCA Oligomers and Its Toxic Effects
In this work, we present evidences that NQO1, an enzyme that reduces aminochrome with 2 electrons, prevents the formation of aminochrome-induced SNCA oligomers and their neurotoxic effects since (i) we did not detect small globular structures similar to SNCA oligomers or fibers using transmission electron microscopy when SNCA and aminochrome were incubated in the presence of NQO1; (ii) CD spectra showed that the random coil conformation of SNCA did not change when it was incubated with aminochrome and NQO1 for 24 and 48 h suggesting that SNCA was in the monomer state; (iii) SNCA fibril formation, determined with the ThT assay, was completely inhibited in the presence of aminochrome and NQO1 suggesting that SNCA under these conditions is in the monomer state, contrasting with the formation of fibrils or oligomers when SNCA was incubated alone or in the presence of aminochrome, respectively; (iv) NQO1 prevented the formation of oligomers in RCSN-3-SNCA with normal expression of NQO1; and (v) NQO1 prevented SNCA-induced neurotoxic effects in these cell lines. SNCA oligomers induce an apoptotic cell death in RCSN-3NQ7SNCA cells due to the low expression of NQO1, which cannot reduce aminochrome and prevent the cell death. The overexpression of SNCA in RCSN-3-SNCA cells is not enough to induce DNA fragmentation when they are incubated with aminochrome since the expression of NQO1 is enough to prevent aminochrome-dependent cell death. These results suggest that the formation of neurotoxic SNCA oligomers depend on a competition between SNCA and NQO1 to react with aminochrome where NQO1 has higher affinity for aminochrome than SNCA. NQO1 seems to stabilize SNCA in the monomer state even under conditions that favor its aggregation to fibrils, suggesting that the product of 2-electron reduction (leukoaminochrome) plays a role in SNCA stabilization in the monomer state. Interestingly, the flavonoid baicalein was reported to inhibit SNCA fibrillation and disaggregate SNCA fibrils (Bae et al., 2010; Hong et al., 2008) . The common between baicalein and leukoaminochrome structure is the existence of a catechol structure that probably may be important in the prevention of SNCA fibrillation. NQO1 is a unique flavoenzyme that catalyzes the 2-electron reduction of quinones to hydroquinones and can use both NADH and NADPH as electron donators. NQO1 is intracellular localized in the cytosol (95%) and about 5% of the enzyme is associated with mitochondria and the endoplasmic 20 mM aminochrome during 24 h. The values are the mean 6 SD with n ¼ 3. The statistical significance was assessed using ANOVA for multiple comparisons (*P < 0.05; **P < 0.01; ***P < 0.001).
reticulum. NQO1 immunoreactivity has been found in neurons of the substantia nigra and ventral tegmental areas and colocalized with tyrosine hydroxylase-like immunoreactivity. The dense network of DT diaphorase-immunoreactive fibers in the striatum disappeared along with the dopaminergic innervations after 6-hydroxydopamine lesions. NQO1 immunoreactivity was also found in Bergmann glia, astrocytes, and tanycytes (Schultzberg et al., 1988) .
Aminochrome-Induced Cell Death Is Dependent of SNCA Oligomers Aminochrome-induced cell death in RCSN-3-Nq7SNCA cells was dependent on the formation of SNCA oligomers since scyllo-inositol inhibits aminochrome-induced cell death. Scylloinositol is a compound that stabilizes oligomers both from SNCA and also Ab42 (Aytan et al., 2013; Vekrellis et al., 2009) . It is important to mention that scyllo-inositol has no effect on aminochrome-induced cell death in RCSN-3SNCA that has normal expression of NQO1 and we have shown the absence of oligomers in this cell line. Therefore, it seems to be plausible that aminochrome-induced cell death in RCSN-3-Nq7SNCA cells is dependent on SNCA oligomer formation. The neurotoxic role of SNCA oligomers has extensively been reported where SNCA oligomers induce behavioral deficits by induced rigidity, hypokinesia, and immobility (Gruden et al., 2014) . SNCA oligomers interact with membranes increasing the amount of a-helical structure, which induces small molecules release as a consequence of membrane permeability alteration (Fecchio et al., 2013) . Phosphorylation of oligomers of SNCA at residue 87 also contributes to cell death (Ha et al., 2014) . Large SNCA oligomers prevent neuronal SNARE-mediated vesicle docking by oligomers binding the N-terminal domain of synaptobrevin-2 . SNCA oligomers are secreted from the cell by exosomemediated release when autophagic mechanisms are not enough to remove neurotoxic oligomers (Danzer et al., 2012) . Dynamin GTPases have been reported to mediate SNCA uptake into neuronal and oligodendroglial cells and when alpha synuclein is inside the cells forms oligomers with high molecular weight (Konno et al., 2012) . Alpha synuclein oligomers accumulate in endoplasmic reticulum and salubrinal, an anti-ER stress compound, reduces accumulation of SNCA oligomers in endoplasmic reticulum (Colla et al., 2012) . Extracellular SNCA oligomers decreased cAMP response element-binding protein transcriptional activity, induced calcineurin activity, and increased intracellular Ca 2þ levels (Martin et al., 2012) .
Reactions Preventing Aminochrome-Induced SNCA Toxicity The formation of SNCA oligomers is dependent on the availability of aminochrome, which can be removed both by 1-or 2-electron reduction reactions. However, there are 2 important mechanisms that prevent dopamine oxidation. (i) First, dopamine can be incorporated into monoamine transporter vesicles. The low pH inside of the vesicles prevents dopamine oxidation to aminochrome. It has been reported that neuromelanin synthesis is abolished by adenovirus-mediated overexpression of the synaptic vesicle catecholamine transporter VMAT2, which would decrease cytosolic dopamine by increasing vesicular accumulation of the neurotransmitter (Sulzer et al., 2000) . (ii) Second, dopamine can be degraded by MAO. In this regard, overexpression of MAO induces protection against intracellular L-DOPA toxicity (Weingarten and Zhou, 2001 ).
Conclusions
In conclusion, the results presented in this study support the proposed neuroprotective role of NQO1 against SNCA aminochrome-induced neurotoxicity in dopaminergic neurons (Muñ oz et al., 2012; Paris et al., 2009) , since the enzyme prevents the formation of SNCA neurotoxic oligomers both in vitro and in RCSN-3SNCA cells (Fig. 7) . In dopaminergic neurons containing neuromelanin we have dopamine oxidation to aminochrome since these cells contain neuromelanin but the presence of NQO1 prevents a neurotoxic pathway of aminochrome that end with the loss of these neurons as happened in PD.
